The midsagittal corpus callosum (CC) cross-sectional area subdivisions have been used as early and sensitive markers of human brain white matter connectivity, development, natural aging and disease. Despite the simplicity and conspicuity of the appearance of the CC on anatomical magnetic resonance imaging (MRI), the published quantitative MRI literature on its regional sex and age trajectories are contradictory. The availability of noninvasive quantitative methods to assess the CC regions across the human lifespan would help clarify its contribution to behavior and cognition. In this report, we extended the utility of a recently described semi-automated diffusion tensor imaging (DTI) tissue segmentation method to utilize the high orientation contrast of the CC on DTI. Using optimized DTI methods on a cohort of 121 right-handed children and adults aged 6-68 years, we examined the CC areas and corresponding DTI metrics of the different functionally specialized sectors of the CC. Both the area and fractional anisotropy metrics followed inverted U-shaped curves, while the mean and radial diffusivities followed U-curve reflecting white matter progressive and regressive myelination dynamics that continue into young adulthood.
Introduction
The corpus callosum (CC) is the largest interhemispheric fiber network in the human brain (De Lacoste et al., 1985; Cook, 1986; Clarke et al., 1989; Gazzaniga, 2000) . The corpus callosum is composed of region-dependent fiber density and myelination levels that reflect its functional specialization (Aboitiz et al., 1992; Highley et al., 1999; Tomasch, 1954; Zaidel and Iacoboni, 2003) . The CC has been used as an early and sensitive marker of brain development (Clarke et al., 1989; Georgy et al., 1993; Pandya et al., 1971; Rakic and Yakovlev, 1968) , hemispheric lateralization (Witelson and Goldsmith, 1991 Witelson and Goldsmith, 1991) . The rostrum (CC1), genu (CC2), and rostral body (CC3) are associated with the units comprising prefrontal and frontal lobe structures. The anterior midbody (CC4), posterior midbody (CC5), isthmus (CC6) and splenium (CC7) are associated with sensorimotor, midtemporal, and occipital parcellation units, respectively (Aboitiz et al., 1992; Witelson, 1989 ).
The human CC has been the subject of hundreds of articles and reviews regarding its heterogeneous structure and function as well as differences related to sex, development and aging (Bishop and Wahlston 1997; Cook, 1986; Dubb et al., 2003; Zaidel and Iacoboni, 2003) . Aside from some discrepancies, the majority of independent MRI publications on children (Alexander et Specific lifespan studies based on quantification of MRI measures of CC development are scant. Major conclusions regarding the CC aging trajectories and gender relations require validation from large populations that include both children and adults. In particular, simultaneous estimation of the corpus callosum regional areas and the corresponding microstructural diffusion tensor metrics across the lifespan would help provide an important baseline for the interpretation of data collected from patients (Hasan et al., 2008) .
There have been several quantitative diffusion tensor imaging (DTI) studies of the human corpus callosum using region-of-interest (Chepuri et al, 2002; Pierpaoli et al., 1996; , fiber tracking (Huang et al., 2005; Xu et al., 2002; ) , and voxel based morphometric methods (Bengtsson et al., 2005) . These studies include samples ranging from in utero (Bui et al., 2006) to preterm (Partridge et al., 2004) The main goal of this work is to extend the utility of a DTI-based tissue segmentation methodology described recently (Hasan et al., 2007a; Hasan et al., 2008) to the midsagittal corpus callosum subregions. In addition, we applied the validated methods on a cohort of children and adults to demonstrate spatiotemporal development and gender relations of the CC areas along with the corresponding DTI metrics such as fractional anisotropy and radial diffusivity. We hypothesized that the midsagittal corpus callosum regional development and aging trajectories are best characterized by nonlinear curves across the human lifespan that would consolidate results of prior studies examining the impact of development and aging on the CC area based on conventional MRI and quantitative DTI measurements.
Results

DTI based regional CC Comparisons
Group Mean Values and Nonlinear Trends of Regional CCA, FA, Radial and Mean Diffusivity- Table 1 summarizes the group mean values of the CC2-CC7& eCC midsagittal areas and corresponding FA, radial and mean diffusivities on both children and adults. Note that comparisons of the mean values between children and adults may provide misleading results due to the fact that simple averaging does not account for nonlinear development and aging trends. To illustrate, Table 2-Table 4 summarize the quadratic curve best fits of the CCA, FA, radial and mean diffusivities. The best fit parameters were used to generate Figure 1 which shows clearly for (a) CCA (b) FA (c) radial and (d) mean diffusivities that across the lifespan, simple averaging and comparisons of data collected on children and adults need to be replaced with statistical models that incorporate the linear and quadratic age effects. Table 2-Table 5 and Figure 2 - Figure 5 summarize our main quantitative results in regards to the callosal subregional areas (CC2-CC7& eCC) and the corresponding DTI metrics' (FA, radial and mean diffusivities) heterogeneity and their dependence on age and sex using the quadratic models described in the Methods. Note that our measurements are best fit with quadratic curves as function of age ( Figure 1 ; Table 2-Table 4 ; Figure 2-Figure 4 ). The fit parameters and age at peak (mean, standard deviation, and significance) statistics for males, females, males vs. females and the pooled sample (males and females) are provided in the Table 2-Table 4 for the segments CC2-CC7 and the entire CC. The entire CC refers to the sum of all CC midsagittal areas and their corresponding area weighted-average DTI metrics. Table 2 summarizes the main results of our work on the fitted callosal midsagittal areas (in mm 2 ) and the entire CC. As a representative graphical illustration, Fig. 2 (a, b, c, and d) show the genu (CC2 = gCC), anterior midbody (CC4 = bCC), splenium (CC7 = sCC) and the entire corpus callosum (eCC) age trajectories for both males and females, respectively. Table 3 details the age trajectory and age at peak for the callosal FA of the midsagittal areas and the entire CC. Figure 3 (a, b, c, and d) show the FA of the genu (CC2 = gCC), anterior midbody (CC4 = bCC), splenium (CC7 = sCC) and entire CC (eCC) age trajectories, respectively. The FA callosal trajectories followed an inverted U curve for both males and females. Note the diffusion tensor anisotropy heterogeneity trend FA(CC7) > FA(CC2) > FA (CC4) (see Figure 3) . For example, a statistical comparison of FA(CC5) and FA(CC7) of the intercept, linear and quadratic parameters in Table 5 provides p=0.0000, 0.01 and 0.03, respectively. A detailed quantitative listing of all possible paired comparisons on all variables in this study is not provided in the current manuscript (see Figure 1 for a graphical summary)
Regional Callosal Area Heterogeneity, Age, and Sex Effects
Regional Callosal Fractional Anisotropy Heterogeneity, Age and Sex Effects
Regional Callosal Radial and Mean Diffusivities Heterogeneity, Age and Sex Effects
Callosal radial and mean diffusivities of the midsagittal areas and the entire CC are depicted in Table 4-Table 5 . Figure 4 - Figure 5 (a, b, c, and d) show the radial and mean diffusivities of the gCC, bCC, sCC and eCC age trajectories, respectively. The average radial and mean diffusivity callosal trajectories followed a U curve for both males and females.
Discussion
The corpus callosum offers one of the largest and most studied compact white matter systems to model using noninvasive MRI methods (Bartzokis et Clarke et al., 1989) . In this study, we focused on right-handed healthy controls to avoid possible confounding effects of handedness (Westerhausen et al., 2004; Witelson and Goldsmith, 1991) . This is the first report using an entirely DTI-based semiautomated and validated approach to segment the CC using DTI-derived and co-registered scalar and vector metrics on a cohort of healthy controls aged 6-68 years. The CC segmentation approach implemented in this work extends our previous DTI-based tissue segmentation approach in which scalar and rotationinvariant DTI-derived metrics have been used to partition the brain into white matter, gray matter and cerebrospinal fluid (Hasan et al., 2007a; Hasan et al., 2008) .
In this work, the diffusion anisotropy combined with the excellent orientation contrast of the CC has been used to isolate the CC upon careful identification of the midsagittal section Hasan et al., 2008; Kanabar et al., 2005) . Our DTI data were acquired using high signal-to-noise ratios and high spatial resolution that minimized diffusion tensor estimation biases (Hasan, 2007; Pierpaoli et al., 1996) and partial volume averaging (Alexander et al., 2001; Pfefferbaum et al., 2003) . Due to its potential relation with regional functional specificity (Aboitiz et al., 1992; Highley et al., 1999; Witelson, 1985) , the callosal subdivision paradigm implemented in this work has been adopted by several conventional MRI ( 
Regional Midsagittal Corpus Callosum Anisotropy Heterogeneity
Our DTI results reproduce commonly reported significant findings, including that the human corpus callosum diffusion anisotropy is higher in the posterior CC than in other brain regions, and that anisotropy is greater in posterior than anterior CC regions in both males and females at all ages (see Figure 3 ). These trends have been reported by several previous DTI reports on healthy children (Alexander et 
Age Effects
Our results (see summary in Figure 1 ; Table 2-Table 5 
Sex Effects
In addition to age dependence, the CC area and anisotropy have been reported to vary with other factors such as sex and handedness. In the current study, we did not find significant differences in the rates of growth characterizing the macro and microstructural attributes of the CC in our age-matched population of boys/girls, men/women, and males/females (see Table  1 - Table 4 and Figure 1-Figure 4) . The callosal area growth rates have been reported to be similar in age-matched developing boys and girls (Lenroot et al., 2007; Rajapakse et al., 1996) , while other studies reported that the CC A growth rates are larger in boys than girls (De Bellis et al., 2001 ). In adults, Johnson et al. (1994) showed the CC A rate decreases faster in men than women, while Salat et al. (1997) showed CC A decreases faster in older women than age-matched men.
As noted above, our DTI results indicate a sex-independent statistically significant trend FA (CC7) > FA(CC2) which has been also reported in both children (Snook et. al. 2005) 
Limitations and Concluding Remarks
Our normative database has been formed by pooling cross-sectional data collected on healthy children and adults using the same DTI protocol to help in the interpretation of data collected from patients. Due to advancing DTI technology longitudinal DTI studies are expected to be more challenging than cross-sectional studies. The primary goal of this work was to validate a DTI-based method for simultaneous measurement of both macro and microstructural attributes of the CC. We have validated the DTI method using a cross-sectional cohort and a lifespan experimental design that accounted for the confounding and nonlinear age effects. 
Experimental Procedure
Participants
This study included 23 boys (age mean ± SD = 11.7 ± 3.1 years), 20 girls (age mean ± SD = 10.3 ± 2.9 years), 32 men (age mean ± SD = 36.7 ± 13.5 years) and 46 women (age mean ± SD = 37.8 ± 13.4 years). Table 6 summarizes the age distribution for both males and females. The children and adolescents (N = 43; age mean ± SD = 11.0 ± 3.0 years), adults (N = 78; age mean ± SD = 37.3 ± 13.4 years), and male (N = 55; age mean ± SD = 26.2 ± 16.2 years) and female (N = 66; age mean ± SD = 29.9 ± 16.7 years) groups did not differ in age (p > 0.3). All participants (N = 121; age mean ± SD = 28.0 ± 16.7 years; range = 6-68 years) were primarily English-speaking, identified as neurologically normal by review of medical history, and were healthy at the time of the assessments. All healthy subjects were screened for history of trauma, surgery, chronic illness, alcohol and/or drug abuse, neurological illness, and current pregnancy. Controls in this study were recruited through local advertisements and did not report any neurological conditions. The MRI scans were read as "normal" by a board certified radiologist (L.A.K.). Written informed consent from the adults, guardians and adolescents, and assent from the children participating in these studies was obtained per the University of Texas Health Science Center at Houston institutional review board regulations for the protection of human subjects.
MRI and DTI Data Acquisition and Processing
We acquired whole-brain data using a Philips 3.0 T Intera system with a SENSE parallel imaging receive head coil (Philips Medical Systems, Best, Netherlands). The MRI protocol included (a) conventional MRI (3D spoiled gradient-echo (SPGR), field-of-view=240×240 mm 2 (isotropic voxel size = 0.9375 mm), (b) 2D dual spin-echo images with echo/repetition times of T E1 /T E2 /T R =10/90/5000 ms, in the axial plane (44 axial slices, 3mm thickness, 0 gap covering the entire brain from foramen magnum to vertex) (c) and a phase-sensitive MRI in the sagittal and axial planes, in addition to a matching volume of diffusion-encoded data as described below.
The diffusion-weighted data were acquired using a single-shot spin echo diffusion sensitized echo-planar imaging (EPI) sequence with the balanced Icosa21 encoding scheme (Hasan and Narayana, 2003), a diffusion sensitization or b-factor of 1000 sec.mm −2 , a repetition and echo times of T R =6100 ms, T E = 84 ms, respectively. EPI distortion artifacts were reduced by using a SENSE acceleration factor or k-space undersampling R=2 (Hasan et al., 2008) . Spatial coverage matched the conventional MRI sequences described above (e.g., 44 axial sections, 3mm slice thickness and 0 mm gap with identical field-of-view). DTI acquisition time was approximately 7 minutes and resulted in SNR-independent DTI-metric estimation (Hasan, 2007) .
In this work, the DTI-derived rotationally-invariant metrics included the fractional anisotropy (FA), radial and mean diffusivity. The radial diffusivity is defined as the average of the second and third eigenvalues (λ ⊥ = (λ 2 + λ 3 )/2) and has been shown by several researchers to be a marker of myelination (Beaulieu, 2002 
DTI based Segmentation of the Corpus Callosum and Validation
The midsagittal CC identification procedure was assisted by an experienced neurosurgeon based on the appearance of the interthalamic mass and the fornix on the isotropically interpolated DTI maps as described elsewhere (Hasan et al., 2005) . The CC was then segmented on the midsagittal slice using mean diffusivity (D av ), fractional anisotropy (Hasan et al., 2007a ) and the principal eigenvector (Kanabar et al., 2005; Hasan et al., 2008) . To standardize the orientation for all subjects, an orientation angle γ is calculated at which the line joining the maximum anterior-posterior points of the corpus callosum is oriented with the horizontal or long axis (Figure 6a ). The midsagittal CC is then rotated by -γ so that the midsagittal CC can be brought into a standard frame of reference for making the subdivisions (Hasan et al., 2008; Kanabar et al., 2005) . We optimized the thresholds by comparing the segmented CC areas on a cohort of healthy control subjects (children and adults) with the respective areas obtained by manual boundary selection of the CC on corresponding mid-sagittal phase sensitive T 1 -weighted images which were acquired in the same scan session (see Figure 6 ). The procedure outlined provides the CC seven segments: CC1-rostrum, CC2-genu (or gCC), CC3-rostral midbody, CC4-anterior midbody (or bCC), CC5-posterior midbody, CC6-isthmus and CC7-splenium (or sCC; see Fig. 6a ) along with the mean, standard deviation (SD) of the b=0, and DTI metrics (FA, eigenvalues, coherence etc.). Because CC1 measures were less reliable due to significant anatomic variation, we report findings for CC2 through CC7 and the entire midsagittal corpus callosum (eCC) which is defined as the sum of all callosal midsagittal sections. The DTI metric mean value of the midsagittal eCC was taken as the CC subregional area-weighted average. A detailed description of the validation of the DTI-based CC segmentation using manually delineated high resolution anatomical MRI data (Figure 6b 
Statistical analysis
All analyses of corpus callosum midsagittal cross-sectional areas and the corresponding DTI metrics variation were conducted using a generalized linear model with effects of both age and sex. Given previous reports (Allen et Rauch and Jinkins, 1994) , both linear and quadratic age terms were included. The DTI metrics (e.g., FA,λ ⊥ ) were modeled (fitted) for both males and females as y f =β 0 +β 1 *age+β 2 *age 2 , then the general least-squares methods were used to compute the coefficients, standard errors and their significance using analysis-of-variance (ANOVA) methods (Hasan et al., 2007b; Hasan et al., 2008) . For comparison of two fit parameters between males and females, we used a two-tailed t-test of the difference (β iM -β iF ) divided by the root of the pooled variance σ(β iM ) 2 +σ(β iF ) 2 at the corresponding degrees of freedom (Glantz, 2002) . All statistical analyses were conducted using MATLAB R12.1 Statistical Toolbox v 3.0 (The Mathworks Inc, Natick, MA). Graphical summary of the fitted curves of the CC2-CC7 (genu = gCC = CC2; bCC = CC4; isthmus = CC6; splenium = sCC = CC7) and entire CC (eCC) on the entire 121 males and females (a) midsagittal areas (b) fractional anisotropy (c) radial diffusivity and (d) mean diffusivity (see Table 1 for the average values on both children and adults). Scatter plot of the measured and fitted data of the midsagittal area (mm 2 ) as function of age for the (a) gCC (b) bCC (c) sCC and (d) the entire CC (Note the quadratic dependence of CC A vs. age; see also Table 2 ). Scatter plot of the measured and fitted data of the midsagittal callosal subdivisions fractional anisotropy (1000 × FA) as function of age for the (a) gCC (b) bCC , (c) sCC and (d) the entire CC (Note the inverted-U quadratic dependence of FA vs. age; see also Table 3 ). Scatter plot of the measured and fitted data of the midsagittal callosal subdivisions radial diffusivity as function of age for the (a) gCC (b) bCC (c) sCC, and (d) the entire CC (see Table  4 ). Scatter plot of the measured and fitted data of the midsagittal callosal subdivisions mean diffusivity as function of age for the (a) gCC (b) bCC (c) sCC, and (d) the entire CC (see Table  5 ) The mean values and standard errors of the DTI-based midsagittal corpus callosum cross sectional (a) areas (mm 2
) and corresponding (b) fractional anisotropy, (c) radial diffusivities, and (d) mean diffusivities of the CC2-CC7 segments and entire CC. DTI-based callosal areas (mm 2 ) (CC2-CC7 and weighted average across the entire midsagittal CC) fit statistics on males and females. Fractional anisotropy of (CC2-CC7 and weighted average across the entire midsagittal CC) fit statistics on males and females.
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Table 4
Radial diffusivity (µm 2 msec −1 ) of (CC2-CC7 and weighted average across the entire midsagittal CC) fit statistics on males and females. 
Table 5
Mean diffusivity (µm 2 msec −1 ) of (CC2-CC7 and weighted average across the entire midsagittal CC) fit statistics on males and females. 
